Background/Aims: Chronic renal allograft dysfunction (CRAD) is a leading cause of long-term renal allograft loss. Oxidative stress may account for the nonspecific interstitial fibrosis and tubular atrophy that occur in CRAD. An antioxidant intervention via Nrf2 signaling pathway activation might be a promising therapy for some kidney diseases. The present paper investigates whether there is an association between oxidative stress alleviation via sulforaphane-induced Nrf2-HO-1/NQO-1 signaling pathway activation and CRAD improvement. Methods: F344 rat kidneys were orthotopically transplanted into Lewis rat recipients to establish CRAD models. Sulforaphane was administered at 1.5 mg/kg intraperitoneally once daily. Renal function and 24-hour urinary protein were monitored for variations for 24 weeks after transplantation. After 24 weeks, renal histopathology was evaluated according to the Banff criteria after hematoxylin and eosin, Masson's trichrome and periodic acid-Schiff stainings. Additionally, intrarenal oxidative stress was assessed by the indicators malondialdehyde, 8-isoprostane, oxidizedlow density lipoprotein and 8-hydroxy-2'-deoxyguanosine, as well as the activity levels of the antioxidant enzymes total superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase and γ-glutamylcysteine synthetase. Nrf2, HO-1 and NQO-1 expression levels were determined via immunohistochemical and Western blot analyses. Results: The sulforaphane-induced Nrf2-HO-1/NQO-1 signaling pathway activation, as demonstrated by
Introduction
Currently, kidney transplantation is the preferred treatment for patients with end-stage renal disease. Available data recently revealed that up to 17,814 adult kidney transplants were performed in the US in 2014, while 19, 426 transplants were performed in Europe in 2013 and 7, 131 transplants were performed in China in 2015 [1, 2] . Due to improvements in surgical techniques, the introduction of novel immunosuppressants and better postoperative care, the 1-year survival rate associated with renal allografts has increased from 50% to 90-97.3% over the past 20 years [1, [3] [4] [5] . However, no corresponding improvement in the long-term survival rate of renal allografts has occurred. One of the leading causes of late renal allografts loss is chronic renal allograft dysfunction (CRAD) [6] , which was also known as "chronic allograft nephropathy" prior to the Banff '05 meeting [7] . CRAD is characterized by progressive kidney dysfunction and morphological deterioration occurring at least 3-6 months after transplantation [8] . Recent studies have suggested that nonspecific interstitial fibrosis and tubular atrophy (IF/TA) might play crucial roles in causing CRAD rather than immune and non-immune factors [9] [10] [11] . Unfortunately, the exact mechanism and the optimal treatment for nonspecific IF/TA in CRAD remain unclear. Emerging evidence suggests that oxidative stress could be an underlying mechanism of nonspecific IF/TA.
The nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway is one of the most pivotal pathways of the cellular defense system. This pathway regulates the transcription of numerous antioxidant and cytoprotective genes that can counteract oxidative stress. Nrf2 acts when it is released from its repressive cytosolic protein, Kelch-like ECHassociated protein 1 (Keap1), and translocates into the nucleus [12] . Nrf2 signaling pathway activation has recently shown potential for defending against oxidative stress-associated kidney disorders, such as acute kidney injury and diabetic nephropathy [12] . Sulforaphane (SFN) is a natural Nrf2 activator derived from cruciferous vegetables; SFN contains a sulfur motif, which can lead to Keap1 sulfhydryl modification and ultimately Nrf2 activation [13] . We speculated that oxidative stress is involved in the progression of CRAD and that there may be an association between suppressing oxidative stress through activating Nrf2 along with its downstream antioxidant proteins, heme oxygenase-1 (HO-1) and NAD(P)H quinone oxidoreductase-1 (NQO-1), and CRAD improvement. Hence, this study used a 24-week-long, continuous SFN intervention in a rat model of CRAD to explore whether the alleviation of oxidative stress via activating the Nrf2-HO-1/NQO-1 signaling pathway by SFN induces functional and morphological improvements of the renal allografts.
Materials and Methods

Animals
Male inbred strain F344 and Lewis rats, all weighing between 280 g and 320 g, were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd., China. All rats were housed under standard conditions and fed rat chow and water ad libitum. The study protocol was approved by the Institutional
Experimental Design
All rats were divided into 4 groups: Group A (n=10): the unilateral nephrectomy control group, in which right nephrectomies were performed on Lewis rats; Group B (n=10): the unilateral nephrectomy control group, in which right nephrectomies were performed on F344 rats; Group C (n=10): the CRAD group, in which F344 donor kidneys were transplanted into Lewis recipients according to the above procedure; and Group D (n=10): the CRAD+SFN group, in which SFN (Eykiys Research Biological Technology, China) was dissolved in normal saline and injected intraperitoneally at 1.5 mg/kg body weight into CRAD rats once daily. All groups underwent the same anesthesia, anti-infection and anti-rejection protocols described above. All rats were observed for 24 weeks post operation before being sacrificed.
Functional Studies
The general status, including body weight, of all rats was recorded once every 4 weeks. At 8, 12, 16, 20 and 24 weeks, blood sample (1-2 ml) was obtained from the angular vein of each rat with a 20-µl glass capillary tube after the rat had fasted for 12 hours. Rats were housed in individual metabolic cages for 24 hours to collect and calculate the volume of urine samples. The blood and urine samples were centrifuged at 4°C, and the serum creatinine (SCr), blood urea nitrogen (BUN) and 24-hour urinary protein (24 h-Pro) levels were measured using an automatic biochemical analyzer (F. Hoffmann-La Roche AG, Switzerland).
Harvesting
At 24 weeks, all rats were sacrificed and their renal tissues were collected. After in situ perfusion with 4°C Ringer's solution, representative portions of the renal tissues were fixed with 4% paraformaldehyde for 36-48 hours for subsequent histopathological and immunohistochemical analyses. The remaining tissues were snap-frozen in liquid nitrogen and stored at -80°C for oxidative stress assessment and Western blot analysis.
Histopathology
After the paraformaldehyde-fixed renal tissues were embedded in paraffin, 2-µm-thick sections were prepared using a microtome. After rehydration, sections were stained with hematoxylin and eosin (H&E), Masson's trichrome and periodic acid-Schiff (PAS) stainings to evaluate lesions affecting the glomeruli, tubules, interstitium and vessels by light microscopy. The degree of renal histopathological changes was scored semi-quantitatively on a scale from 0 to 3+ for glomerulopathy, TA, interstitial cellular infiltration with fibrosis and arterial intimal fibroplasia using the Banff criteria [7, 14] . The total Banff score (0-12+) of each sample was judged independently by 2 pathologists who were blind to the grouping information.
Oxidative Stress Assessment
Oxidative Stress Indicators. To determine the levels of intrarenal oxidative stress, the following indicators of the renal tissues were assessed at 24 weeks: malondialdehyde (MDA), 8-isoprostane, oxidized-Lv et al.: The Association Between Oxidative Stress Alleviation and Chronic Renal Allograft Dysfunction Improvement low density lipoprotein (ox-LDL) and 8-hydroxy-2'-deoxyguanosine (8-OHdG). MDA was measured using a thiobarbituric acid reaction kit, while 8-isoprostane, ox-LDL and 8-OHdG were measured using the respective rat tissue-specific enzyme-linked immunosorbent assay kits.
Antioxidant Enzymes. To evaluate the antioxidant defenses to better delineate the oxidative stress status in the kidney, the intrarenal activity levels of the antioxidant enzymes total superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GR) and γ-glutamylcysteine synthetase (γ-GCS) were determined using commercial kits. All of the abovementioned kits were purchased from the Jiancheng Bioengineering Institute, Nanjing, China, and the assays were performed in accordance with the manufacturer's instructions.
Immunohistochemistry
Paraffin-embedded 4-µm-thick sections were prepared for the immunohistochemical analysis. After routine deparaffinization and rehydration, antigen retrieval was performed by boiling 0.01 M citrate buffer in an autoclave for 3 minutes. After cooling to ambient temperature, the endogenous peroxidases were blocked by 3% hydrogen peroxide. Target sections were incubated with (i) anti-Nrf2 antibody (Abcam, USA, 1:500 dilution in PBS, v/v), (ii) anti-HO-1 antibody (Abcam, USA, 1:200 dilution in PBS, v/v) and (iii) anti-NQO-1 antibody (Abcam, USA, 1:300 dilution in PBS, v/v) respectively at 4°C overnight. The following main steps were secondary antibody incubation, diaminobenzidine coloration and hematoxylin counterstaining. In total, to every target protein, 20 randomly discontinuous fields containing glomeruli, tubules, interstitium and vessels from 2 different representative sections of each renal tissue sample were observed and analyzed by light microscopy. Images were captured using an upright microscope with a camera (BX51, OLYMPUS Corporation, Japan), and a semi-quantitative analysis was then performed with Image-Pro Plus 6.0 software (Media Cybernetics, USA). The integrated optical density (IOD) value and the measurement area of each image were calculated. The level of the target protein expression was represented by value of IOD/Area.
Western Blot Analysis
Total and nuclear protein lysates of the renal tissues were prepared according to the manuals of the commercial kits (KeyGEN Biotech, China). After separation by sodium dodecyl sulfate polyacrylamide gel electrophoresis (12% separation gel), proteins were transferred electrophoretically (200 mA, 90 minutes) to polyvinylidene difluoride membranes. Then, 5% bovine serum albumin (BSA) was used at ambient temperature for 1 hour to block nonspecific binding. Target membranes were incubated with (i) anti-Nrf2 antibody (1:500 dilution in 5% BSA, v/v), (ii) anti-HO-1 antibody (1:1000 dilution in 5% BSA, v/v) and (iii) anti-NQO-1 antibody (1:1000 dilution in 5% BSA, v/v) respectively at 4°C overnight. The internal control of the total and nuclear proteins were β-actin (antibody from CoWin Biosciences, China, 1:1000 dilution in 5% BSA, v/v) and histone H3 (antibody from Beyotime Biotechnology, China, 1:1000 dilution in 5% BSA, v/v). The next day, the membranes were incubated for 1-2 hours at ambient temperature with the corresponding secondary antibody (CoWin Biosciences, China, 1:5000 dilution in 5% BSA, v/v). The results were visualized by enhanced chemiluminescence signals captured using a digital visualizer (Eastman Kodak Company, USA). Each renal tissue sample was tested in triplicate. The IOD values of the target bands and the internal control bands (β-actin or histone H3) were calculated by Image-Pro Plus 6.0 software. The level of target protein expression was represented by the IOD value ratio of the target band to the internal control band.
Statistical Analysis
Statistical analyses were performed using SPSS 20.0 software (IBM Corporation, USA). Data are presented as the means ± standard deviations (SDs). Differences between groups were assessed by using a one-way analysis of variance (ANOVA). Least significant difference (equal variances assumed) or Dunnett's T3 (equal variances not assumed) tests were conducted for multiple comparisons after ANOVA. Significant differences were inferred at P<0.05.
Results
Functional Changes
General Status and Body Weight. Neither serious infections nor acute rejections occurred during the observation period. All 40 rats in the 4 groups were included in the final analyses. As shown in Fig. 1(a) , rats in all 4 groups showed steady weight gain over time. No significant differences in body weight were found between Groups C and D, indicating that long-term SFN administration was safe and did not induce any remarkably unfavorable growth of the CRAD rats. The Lewis rats with unilateral nephrectomies or transplanted kidneys in Groups A, C and D shared almost identical ponderal growth trends. Most likely due to the strain differences, the F344 rats in Group B exhibited markedly slower weight gain compared with the rats in the other 3 groups.
Renal Function and Urinary Protein. As shown in Fig. 1(b-d) , the SCr and BUN levels in Group C were all significantly higher than those in Groups A and B at 8, 12, 16, 20 and 24 weeks. From 8 to 24 weeks, the SCr and BUN levels of Groups A and B remained approximately stable, while a slow trend of increasing SCr and BUN levels was observed in Group C. Although no significant differences were found in the SCr and BUN levels between Groups C and D at any of the above time points, an overtly delayed increasing trend of the 2 indicators was observed in Group D. Compared with the stable 24 h-Pro levels in Groups A and B at 12, 16, 20 and 24 weeks, Group C exhibited a progressively increasing 24 h-Pro level. Group D revealed an apparently delayed increase in 24 h-Pro level relative to Group C; moreover, significantly lower 24 h-Pro levels were observed in Group D than those in Group C at 20 and 24 weeks. These functional measurements of the kidney demonstrated that SFN may retard renal allograft function deterioration and that such protective effects can be reflected earlier and more clearly by 24 h-Pro levels within 24 weeks after transplantation.
Histopathological Changes
As shown in Fig. 2(a-b) , compared with Groups A and B, Group C demonstrated typical histopathological features of CRAD, including interstitial mononuclear cell infiltration, IF/ TA and tubular basement membrane thickening. The glomeruli revealed such lesions as mesangial matrix proliferation and glomerular basement membrane thickening. Glomerular capillary loop shrinkage or collapse was also occasionally observed. Intimal proliferation of renal arterioles was observed in some fields. The total Banff scores of Groups A, B, C and D were 1.95±0.49, 2.00±0.47, 5.95±0.93 and 5.15±1.03 respectively, as shown in Fig. 2(c) . SFN attenuated the overall histopathological degree of CRAD in Group D; the protective effects were not specific to certain structures of the renal allografts but pertained more to general lesion alleviation.
Oxidative Stress Assessment Oxidative Stress Indicators. As shown in Fig. 3 Antioxidant Enzymes. Contrary to the alterations in the oxidative stress indicators among the 4 groups, as shown in Fig. 4(a-e) , decreased activity levels of the antioxidant enzymes total SOD, CAT, GPx, GR and γ-GCS were found in Group C compared with Groups A and B, while the activity levels of the 5 enzymes were preserved in Group D. In the renal cortical tissues, the activity levels of total SOD in Groups A, B, C and D were 238.43±24. the inadequate antioxidant forces in the CRAD renal allografts and the effect of SFN on sustaining the activity levels of these intrarenal antioxidant enzymes.
Immunohistochemistry
To explore changes in the Nrf2-HO-1/NQO-1 signaling pathway, the renal expression levels of Nrf2, HO-1 and NQO-1 were investigated by immunohistochemistry. As shown in Fig. 5(a-b) , Nrf2 was widely expressed in the cytoplasm of intrinsic glomerular cells in Groups A and B, especially in tubular epithelial cells. Nrf2 nuclear translocation was also observed in some glomerular and tubular cells. This situation was in accordance with the fact that Nrf2 is ubiquitously expressed in different cell types and can be activated by oxidative stress or other stimuli generated under physiological conditions, followed by nuclear translocation [15] . In comparison, in Group C, Nrf2 expression levels were sharply reduced in the cytoplasm and nuclei of the renal allograft cells. Analogously, the expression levels of the downstream proteins HO-1 and NQO-1 in the cytoplasm were both lower in Group C than those in Groups A and B. The downregulation of Nrf2, HO-1 and NQO-1 expression levels was represented by lower IOD/Area values in Group C than those in Groups A and B, as shown in Fig. 5(c-e) . In Group D, SFN administration prominently improved the cytoplasmic and 
Western Blot Analysis
Total renal Nrf2, HO-1, NQO-1 and nuclear Nrf2 expression levels were compared among the groups through Western blot analyses to further validate changes in Nrf2 signaling pathway. As shown in Fig. 6(a-h) , compared with Groups A and B, Group C showed significantly decreased levels of total Nrf2, HO-1, NQO-1 and nuclear Nrf2 expression in the renal allografts. Moreover, compared with Group C, Group D demonstrated elevated levels of total Nrf2, HO-1, NQO-1 and nuclear Nrf2 expression. These variations in Nrf2-HO-1/NQO-1 signaling pathway were consistent with the immunohistochemical results.
Discussion
Based on the F344-to-Lewis rat CRAD model, the results of this study suggest that there is a relationship between oxidative stress alleviation via activating the Nrf2-HO-1/NQO-1 signaling pathway with continuous SFN intervention beginning at the time of transplantation and functional improvement. In addition, delayed histopathological deterioration was observed in the renal allografts. Similar to our findings, accumulating evidence has and IOD values of the target bands relative to the internal control bands depicting the expression levels (eh) of total Nrf2, HO-1, NQO-1 and nuclear Nrf2. Compared with Group C, Group D showed significantly increased levels of total Nrf2, HO-1, NQO-1 and nuclear Nrf2 expression. Group C exhibited the lowest levels of total Nrf2, HO-1, NQO-1 and nuclear Nrf2 expression among the 4 groups.
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Allograft Dysfunction Improvement demonstrated that Nrf2 activation can play a pivotal role in protecting the kidney against a variety of disorders. For instance, in a rat model of renal ischemia-reperfusion injury, preactivation of Nrf2 and the downstream protective proteins HO-1, NQO-1, GR and GPx by SFN effectively reduced renal dysfunction and injury [16] . Continuous SFN intervention for 3 months also prevented the diabetic induction of renal dysfunction, fibrosis, inflammation and oxidative damage by activating the Nrf2 and its downstream antioxidant proteins in a type 1 diabetic mouse model [17] . In addition, it was validated in a rat model that SFN-induced activation of the Nrf2 signaling pathway ameliorated unilateral ureteral obstruction-induced renal damage and alleviated renal dysfunction and pathological changes caused by contrastinduced nephropathy [18, 19] . Furthermore, animals with deficient or dysfunctional Nrf2 signaling pathway are more susceptible to various kidney diseases, including acute kidney injury, lupus-like autoimmune nephritis, hyperglycemia-induced renal injury and progressive focal glomerulosclerosis [20] [21] [22] [23] . The key underlying mechanism for the abovementioned favorable effects on the kidney after Nrf2 signaling pathway activation is, at least in part, the alleviation of oxidative stress. Oxidative stress-induced cell and tissue damages can be attributed to an excess of reactive oxygen species (ROS) and inadequate antioxidant defenses. ROS can oxidize bioactive molecules, including proteins, lipids, nucleic acids and carbohydrates, leading to altered functions, activities and intracellular interactions, thus interfering with normal cell and tissue functions [24] . An increased prevalence of oxidative stress has already been observed in chronic kidney disease (CKD) and dialysis patients [25] . Furthermore, new investigations on the association between oxidative stress and CRAD have recently emerged, perhaps inspired by the common chronic and progressive clinical courses of CKD and CRAD. Another study that used the same CRAD model as in this study also reported increased levels of oxidative stress indicators, including superoxide anion, inducible nitric oxide synthase and endothelial nitric oxide synthase in renal allografts; in addition, that study reported evidence related to the tubular epithelialto-mesenchymal transition (EMT), suggesting that an IF/TA-associated EMT may occur concurrently with oxidative stress in CRAD [26] . Oxidative stress profiles can already be established in CRAD patients using serum and urine biomarkers; additionally, an association has been established between the increased oxidative stress burden observed in these patients and impaired intrarenal oxygenation [27] . In this study, evidence of oxidative stress was observed through increased levels of the classical indicators MDA, 8-isoprostane, ox-LDL and 8-OHdG in the CRAD renal allografts. MDA, which is an end-product derived from the breakdown of polyunsaturated fatty acids and related esters, provides a convenient index of lipid peroxidation [28] . 8-isoprostane is also a reliable and specific in vivo marker of oxidative stress produced by free radical peroxidation of arachidonic acid [29] , while ox-LDL can further reflect early lipid peroxidation [30] . 8-OHdG is a biomarker of oxidative damage to DNA and is, therefore, another well-accepted index of oxidative stress [31] [32] . The concurrently increased levels of these indicators validated the increased intrarenal oxidative stress in CRAD. Meanwhile, the inadequate antioxidant defenses were portrayed by decreased activity levels of the antioxidant enzymes total SOD, CAT, GPx, GR and γ-GCS. SOD can catalyze the dismutation of the superoxide radical into oxygen or hydrogen peroxide, which is further degraded into water and oxygen by CAT, leading to final ROS elimination [33] . GPx and GR are biomarkers linking ROS detoxification with the metabolism of glutathione, which represents the majority of the thiol antioxidants and redox buffers of the cell [34] [35] . GPx converts peroxides and hydroxyl radicals into nontoxic forms in conjunction with the oxidation of reduced glutathione into the oxidized form, glutathione disulfide; the latter is then converted back to reduced glutathione by GR [36] . γ-GCS, which controls the ratelimiting step of glutathione synthesis, is also an important antioxidant enzyme [37] [38] . The decreased activity levels of these protective enzymes, culminating in inadequate antioxidant forces, manifested as the pro-oxidative status observed in CRAD. Considering the typical histopathological manifestations of CRAD, it is reasonable to postulate that oxidative stress could be one reason for the unexplained IF/TA in CRAD. This idea is further supported by the relevant alleviation of histopathological changes in the SFN-treated CRAD group. HO-1 and NQO-1 are two representative Nrf2 downstream proteins that were selected and described in detail in this study to illustrate the renal antioxidant capacity after SFN treatment. As common competitors against oxidative and inflammatory stresses in cells and tissues, HO-1 can result in degradation of heme moieties, generating bilirubin, which is an antioxidant capable of scavenging peroxy radicals and inhibiting lipid peroxidation [39] . NQO-1 can maintain coenzyme Q (ubiquinone) in the antioxidant form (ubiquinol) in cellular membranes, inhibiting membrane lipid peroxidation. Furthermore, ubiquinols can react directly with oxygen radicals, preventing oxidative stress damage to diverse biomolecules [40] . This study showed that functions of intrarenal antioxidative mechanisms, represented by HO-1 and NQO-1, along with the activity levels of total SOD, CAT, GPx, GR and γ-GCS, may recover partially after SFN treatment. Because total SOD, CAT, GPx, GR and γ-GCS are also influenced by the Nrf2 signaling pathway [13] , we could not differentiate whether the restoration of their activities was a direct effect of SFN, a spontaneous occurrence due to relief of the oxidative stress milieu caused by SFN, or both. Importantly, we could conclude that a cellular redox shift toward a more antioxidant state rather than a pro-oxidant milieu was promoted by SFN: the gap between excess ROS and inadequate antioxidants was narrowed, as reflected by the concurrently decreased levels of MDA, 8-isoprostane, ox-LDL and 8-OHdG in the SFN intervention group. From the long-term observation of renal function over 24 weeks, the protective effects of SFN on proteinuria seemed more pronounced than the effects on SCr and BUN levels. Furthermore, the protective effects of SFN were gradual and not apparent within a short time-span after transplantation. Long-term and continuous SFN administration is likely needed to sustain the intrarenal antioxidant environment and postpone CRAD progression. However, considering the histopathology-associated total Banff scores, renal function and 24 h-Pro in the SFN intervention group, the current dose of post-transplantation SFN was insufficient to completely prevent CRAD. However, it remains uncertain whether larger SFN doses or more powerful Nrf2 activators would confer stronger protective effects on renal allografts. The exact duration of the protective effects of SFN on CRAD is also unclear. More studies are needed to clarify these issues in the future.
Despite oxidative stress and other potential stimuli that should have induced Nrf2 activation in the CRAD group in this study, we discovered a "paradoxical" reduction in the cytoplasmic and nuclear Nrf2 along with cytoplasmic HO-1 and NQO-1 expression levels, similar to the decreased levels of the antioxidant enzymes activity, signifying an inadequate reserve and/or disordered Nrf2-HO-1/NQO-1 signaling pathway activation in the renal allografts. Similar phenomena have been reproduced in a rat model of chronic renal failure and spontaneous focal glomerulosclerosis [23, 41] . Consistent with our study, both models exhibited conspicuous intrarenal oxidative stress. Thus, we surmised that the maladaptive response of the Nrf2 signaling pathway, namely, the decompensation and/or dysfunction of the antioxidant defense system, occurred in the overwhelming milieu of oxidative stress in the renal allografts. As such, we believed that there was probably a period of time when the intrarenal Nrf2 signaling pathway was upregulated in response to oxidative stress during early-stage CRAD. From the recuperative cytoplasmic and nuclear Nrf2 expression levels in the SFN intervention group, we concluded that the reduced oxidative stress burden caused by exogenous antioxidants could help preserve and maintain normal endogenous antioxidant defense function. Of course, cells and tissues should not always "surrender" when facing oxidative stress; responses might depend on the degree and/or duration of oxidative stress per se and/or characteristics of the defense system itself. Currently, the detailed mechanisms of disorders of the intrarenal Nrf2 signaling pathway in the context of oxidative stress in CRAD remain unknown and require further investigation.
The limitations of this study are as follows. First, the positive effects of SFN via activating the Nrf2-HO-1/NQO-1 signaling pathway on CRAD could have been further clarified if SFNtreated Nrf2-knockout or Nrf2-inhibited rat recipients were examined [42] . Second, the mechanisms of the protective effects of SFN on kidney may be versatile, for instance, SFN can also play an anti-inflammatory role by inhibiting the NF-κB signaling pathway [43] . Consequently, the observed improvements of renal allografts treated with SFN may not be solely attributable to the alleviation of oxidative stress. This study was insufficient to fully elucidate other possible "confounding" mechanisms of the protective effects of SFN on renal allografts. Despite these limitations, to the best of our knowledge, this study demonstrates for the first time the association between oxidative stress alleviation via activating the Nrf2-HO-1/NQO-1 signaling pathway continuously by SFN and CRAD alleviation in the F344-toLewis rat renal transplantation model. These findings provide in vivo experimental evidence that natural compounds such as SFN may be used therapeutically to relieve progressive damage to renal allografts in CRAD.
Conclusion
The current study illustrates an association between oxidative stress alleviation via continuous SFN-induced Nrf2-HO-1/NQO-1 signaling pathway activation and renal functional and morphological improvements in a rat model of CRAD. As such, the antioxidant SFN may be a promising therapy for delaying the progression of CRAD.
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